A new longitudinal electromagnetic hybrid TIG welding-brazing method (LE-TIG-B welding) is applied to light alloy / steel dissimilar metals joining experiments. The microstructure and composition analyses of the different brazed joints are examined using OM SEM EDS and Vickers microhardness measurement techniques. The elements distribution, microhardness, welding defect and wetting angle are investigated by the comparison of TIG welding-brazing (TIG-B welding) and LE-TIG-B welding. The result shows that 3003 aluminum alloy / Q235 carbon steel, AZ91 magnesium alloy / 304 stainless steel, AZ31 magnesium alloy / Q235 carbon steel can be formed the tight lap joint by LE-TIG-B welding. The longitudinal electromagnetic field can affect the flowability and surface wettability for the filler metal on the interface of light alloy / steel dissimilar metal joints. The tensile strength of the joints attains a maximum value of 198.6 MPa with the magnetic frequency and magnetic intensity set at 20Hz and 0.01T respectively. The additional longitudinal electromagnetic field can be an inverse affect on the process of light alloy / steel dissimilar metals joining, so the welding parameters need be optimized in LE-TIG-B welding.
Introduction
As the lightest metal material, magnesium and its alloys have been used in automotive, marine, aerospace and other fields to improve the fuel efficiency, decrease air pollution by reducing its self weight 1) . Hybrid structures of magnesium alloy to steel can not only take full advantage of their inherent advantages to save material and reduce weight 2) , but also explore the applications of magnesium alloy and aluminum alloy 3) . However, it is very difficult to obtain the effective joining because of no intersolubility and reaction between light alloy and steel 4) , such as aluminum alloy/ carbon steel, magnesium alloy /stainless steel 5) especially.
Tungsten inert gas arc welding-brazing (TIG-B welding) is a new technique and becomes a hot research field in joining of nonferrous metal alloy to steel 6) . Many researchers show the electromagnetic hybrid welding is very good hybrid technique [7] [8] [9] , which can refine grains and improve weldability of difficult welding metals. However, there is little literature about electromagnetic hybrid TIG welding-brazing method (LE-TIG-B welding).
In this paper, LE-TIG-B welding technique is chosen to study the weldability of dissimilar metals, including AZ91 magnesium alloy/304 stainless steel, 3003 aluminum alloy/Q235 carbon steel, AZ31 magnesium alloy/Q235 carbon steel. The microstructures and the interface characteristics of the different TIG-B welding joints are observed and analyzed by OM, SEM, EDS Vickers microhardness measurement techniques.
The elements distribution, microhardness, welding defect and wetting angle are investigated and considered especially by the comparison of TIG welding-brazing (TIG-B welding) and LE-TIG-B welding experiments. The paper also focuses on study the effects of longitudinal electromagnetic field carefully. The welding parameters are optimized in the LE-TIG-B welding of light alloy / steel dissimilar metals.
Experimental procedure

Experimental equipment and materials
The equipment of LE-TIG-B welding is shown in Fig.1 .
Fig.1 Schematic of LE-TIG-B welding method
Shielding gas is 99.99% industrial argon, and cesium tungsten is selected as tungsten electrode, and experimental equipment is Panasonic 380 DC/AC TIG welding machine. The magnetic field applied in the experiment is longitudinal electromagnetic field (LEF), and magnetic intensity and frequency can be adjusted freely. The welding current is 80~140A, the welding speed is 300~600 mm/min. The magnetic field frequency is 5~25 Hz, the magnetic intensity is 0.01-0.05 T.
The arc shape will change significantly under the applied magnetic field. The charged particles will be rotated under the Loran magnetic force generated by the magnetic field, thus the arc rotation, the expansion of the lower portion of welding arc and the contraction of the upper part of arc, leading to excellent welding effect. When the magnetic induction intensity of the external longitudinal magnetic field increasing, the temperature distribution of the welding arc will be more divergent and the temperature of the central area will be decreased and the influence sphere of the arc heat will increase leading to the decreasing of radial temperature gradient of the arc. The temperature of arc will rises and the total arc heat of the external longitudinal magnetic field of the GTAW welding will increase when the welding current increases, but that will not change the essential characteristics of the distribution of the arc heat flux. The radial distribution of temperature was presented in Normal Gauss distribution. The arc rotates around its own axis when the magnetic induction intensity reaches a certain value, and so it's with the heating spot. The applied magnetic field gives the arc greater stiffness and stability, increasing the temperature of the center of the arc column. The molten pool was stirred uniformly, and the grains of weld can be refined to improve weld quality.
Experimental materials
The experimental materials are AZ91 magnesium alloy, AZ31 magnesium alloy, 3003 aluminum alloy, 304 stainless steel and Q235 carbon steel. The AZ91 magnesium alloy filler wire is used in AZ91 magnesium alloy/304 stainless steel and AZ31 magnesium alloy/Q235 carbon steel dissimilar metal joints. The 4047 Al-Si filler wire is used in 3003 aluminum alloy/Q235 carbon steel and AZ31 magnesium alloy/Q235 carbon steel dissimilar metal joints. Cleaning up the surface of steel sheet and light alloy sheet before welding, small light alloy metal sheet is placed on the surface of large size steel sheet.
Result and discussion
Macrostructure of welding joint
The microstructures of 3003 aluminum alloy/Q235 carbon steel dissimilar metal joints of LE-TIG-B and TIG-B welding are shown as in Fig.2 . Fig.2 shows a typical macrostructure of 3003 aluminum alloy/Q235 carbon steel joint in TIG-B welding. The aluminum alloy is melted on the arc fusion welding-brazing process, the 3003 aluminum alloy/Q235 carbon steel dissimilar metal joints have a good joining by used Al-Si eutectic filler metal. (Fig.2c) . In addition, grains of LE-TIG-B welding seam are more refined and more evenly distributed than that of TIG-B welding seam (Fig.2d) . Fig.3 shows the wetting ability of aluminum /steel interface with Al-Si filler wire in LF-TIG-B welding and TIG-B welding.
Wettability of welding joint
As a result of the TIG-B welding dissimilar metals, the light alloy (such as aluminum alloy, magnesium alloy) is melted, and the steel side is a brazing characteristic. So it is very important that the wetting action of alloy element on the surface on the steel during TIG-B welding process. The spreading performance of liquid filler wire on the steel surface determines the formation of welding seam and joint of dissimilar metals. A good wetting ability is the guarantee of high quality joint of light alloy/ steel dissimilar metals. The spreading behavior and wetting performance could be observed and determined by the wetting angle. It is very helpful that a suited filler alloy is selected during dissimilar metals TIG-B welding. In the Fig.3 , we can be drawn the following:
(1) When the magnetic frequency is 20Hz and magnetic intensity is 0.01T, there has a smallest wetting angle on the steel surface. In the view of wetting angle, the optimal parameters of additional electromagnetic field are also 20Hz and 0.01T in LE-TIG-B welding.
(2) The additional electromagnetic field can improve the wetting angle of Al-Si alloy on the steel surface. In the Fig.3 , the wetting angle of normal TIG-B welding is about 88 (when the magnetic frequency is 0Hz and intensity is 0T). The min wetting angle is near 41 in LE-TIG-B welding(when the magnetic frequency is 20Hz and intensity is 0.01T). So the additional electromagnetic field hybrid TIG-B welding technique can change the wetting properties of the dissimilar metals.
The reason can be issued: in LF-TIG-B welding process, the longitudinal electromagnetic field can generate an electromagnetic drive force in welding pool. The electromagnetic field drives and stirs the liquid filler solder or molten based metal movement, and the gaps of dissimilar metals welding seam can be filled very well. The temperature gradient changes, re-melting 50 m 50 m 50 m solidification phenomenon takes place in LF-TIG-B welding. Because additional longitudinal electromagnetic field can promote wettability of dissimilar metals, so the reliable bonding interface is formed between dissimilar metals. As a result, it is very suitable for the difficult welding dissimilar metals joining. It is well known that mechanical properties of brazed joint depend on the interface bonding strengthen seriously on the TIG welding-brazing process. So microstructure of the interfacial characteristics need to considered carefully 9) . Fig4. shows that there have a very good bonding in the interface of 3003 aluminum alloy / Q235 carbon steel, AZ91B magnesium alloy / 304 stainless steel with a Al-Si filler wire, AZ31 magnesium alloy / Q235 carbon steel with a AZ91 filler wire and AZ91 magnesium alloy / 304 stainless steel with a AZ91 filler wire. The second phase of LE-TIG-B welding seam center has a homogenized distribution characteristic.
The Fig.4(b) shows diffusion ability of Al is less than that Mg in the interface, because a high melting point Mg element with a small atomic radius is very easily to diffuse in low melting point Al element with a large atomic radius generally. Because the diffusion rate of elements in liquid is significantly faster than in solid, so the amount of elements diffusion between welding seam and aluminum alloy is higher, while the mutual diffusion between Q235 steel and welding seam is difficult.
During arc fusion welding-brazing for light alloy / steel, the fusion phenomenon takes place at light alloy side, and welding joint is formed by mixture of solder and light alloy after solidification. While steel do not melt, and the brazed joint is formed at the steel side. Compared with the magnesium alloy, the aluminum alloy / steel dissimilar metals can be easy to form a reliable brazing joint. But the 3003 aluminum alloy / Q235 carbon steel occurs an incomplete and unreliable joint in normal TIG-B welding usually, shown in the Fig.5 . So the light alloy / steel dissimilar metal joints are of a high joining quality on the LE-TIG-B welding process. Fig.6 shows microhardness of AZ91B magnesium alloy / 304 stainless steel joint in TIG-B welding and LE-TIG-B welding respectively.
Microhardness
The whole microhardness can be divided into five parts: (1)AZ91 magnesium alloy base metal; (2)Interface of AZ91 magnesium alloy side; (3)welding seam; (4)Interface of steel side; (5)304 stainless steel base metal. The microhardness of AZ91 magnesium alloy interface side is 72 HV, and the average microhardness of 304 stainless steel interface side is 253 HV. The interface microhardness of AZ31 magnesium alloy side was reduced, because the heat affected zone (HAZ) has a soften phenomenon. The microhardness of steel side has not a great change obviously. One of possible reason is the small dimension of interface of steel side. But the application of additional magnetic field also increases the microhardness of HAZ on AZ91 magnesium alloy side. So the additional magnetic field prevents the HAZ softening.
Crack
It is very difficult to join between magnesium alloy or aluminum alloy / steel dissimilar metal, because they are no intersolubility and reaction each other. So the intermediate layer must be designed in TIG-B welding joint. And then, the magnesium alloy has a significant hot crack tendency. So the physical properties of magnesium alloy and steel limit the compositions of appropriate interlayer. Usually, some interlay is suit for steel brazing, but it occur crack in the side of magnesium alloy, and vice versa. Fig.7 shows the microstructure of AZ31 magnesium alloy interface side of AZ31 /Q235 dissimilar joints.
In the Fig.7(a) , the crack at AZ31 welding interface side is obviously in TIG-B welding joints, which is difference from LE-TIG-B welding joint. The Fig.7(b) show the small size's grain and dispersed second phase appear the LE-TIG-B welding joint. The brittle transformation temperature range is reduced as a result of reduction of solute segregation. The additional longitudinal electromagnetic field is benefit to reduce the hot cracking sensitivity. The hybrid electromagnetic changes the direction of heat transfer and the crystal growth direction 10) , so the hot crack resistance of magnesium alloy is increased. The quality of AZ31 magnesium alloy / Q235 carbon steel dissimilar metals joint can be improved in LE-TIG-B welding. 
Tensile strength
The effect of longitudinal electromagnetic on the tensile strength of AZ31 magnesium alloy /Q235 steel joints is evaluated
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with the result shown in Fig. 8 .
As the magnetic intensity increases from 0 to 0.01 T, the average tensile strength increases from 45.6 MPa to 196.06 MPa. Then it decreases to 133.5 MPa with the magnetic intensity varying from 0.01 T to 0.05T.
As the magnetic frequency increases from 0 to 20HZ, the average tensile strength increases from 48.6 MPa to 198.06 MPa. Then it decreases to 131.5 MPa with the magnetic frequency varying from 20 HZ to 25HZ.
It can be noticed in Fig. 8 that the tensile strength of the joints attains a maximum value of 198.6 MPa, about 80% that of the AZ31 magnesium alloy base material, with the magnetic frequency and magnetic intensity set at 20Hz and 0.01T, respectively. 
Conclusions
The longitudinal electromagnetic field can affect the flowability and surface wettability of the filler metal on light alloy / steel interface. The interface of light alloy / steel dissimilar metals can form a reliable bonding on the LE-TIG-B welding process, which makes the dissimilar metals more firmly joining than that of TIG-B welding. A longitudinal magnetic field can change the microhardness and reduce the hot crack of light alloy / steel dissimilar metals joint. When magnetic intensity is 0.01T and the magnetic frequency is 20 Hz, welding joint achieves the best experimental results.
